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This work completes the development of a technique 
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When a moving shock wave encounters a body in super-
sonic flight, the resultant shock waves cannot be predict-
ed simply by superposition of the moving shock wave onto 
the bow shocko It is known that high transient overpres-
sures occur on the body surface o The estimation of the'se 
overpressures is important for two reasons~ (1) The body 
encountering the blast wave has to be so designed as to 
withstand the stresses arising from such an encounter 9 (2) 
The trajectory of the body might be affected by unbalanced 
pressures on its surface, especially if the blast wave is 
encountered from other than a head-on directiono The cur-
rent interest in the shock-on-shock problem~ as this type 
of interaction is commonly termed, stems from the need for 
reliable data for the design of anti-missile missiles and~ 
conversely, to program friendly missiles for evasive ma-
neuvers when encountering an enemy anti-missile deviceo 
It is generally accepted that theoretical prediction 
of the transient overpressures cannot be attempted without 
basic knowledge of the shock geometries resulting from the 
interaction processo An attempt to predict the shock pat-
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who~ based on this shock pattern 9 developed a method of 
calculating the pressures on the surface of a thin infi-
nite wedge intercepting a plane blast wave" His shock 
patterns~ however 9 cannot be extended simply to a finite 
three-dimensional body~ as has been shown by Brown and 
Mullaney (2)o Shadowgraphs of the head=on interaction be-
tween a cone-cylinder projectile and a plane blast wave 
show up important differences between Smyrlus picture and 
the actual picture for a finite bodyo Figure 1 shows the 
two geometries for the case ·tested by Brown and Mullaney o 
When the oncoming blast wave is at an angle to the axis of 
the body, the resulting shock geomtries should be even 
more difficult to predict theoreticallyo To date there 
has been no attempt to do soo The only recourse left is 
to obtain the pattern experimentally by shadowgraphy OX:' 
schlieren photography of the simulated interacti011o 
Three attempts to obtain shadowgraphs of such oblique 
shock-on-shock interactions havB previously been made (3), 
(4), (5)o All these attempts used a shock tube mounted on 
the side of a supersonic wind.tunnel with the body immersed 
in the supersonic freestreamo As a result 9 the shock wave 
as it emerged from the shock tube suffered considerable 
distortion and, more important~ the amount by which the 
shock strength had attenuated was not predictableo The 
scheme used i.n reference ( 4) is shown in Figure 2 o 
Recently~ a study of a shock wave emerging into a super-
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Figure 2o Arrangement for Studying Side-on 




conclusively that; such an experimental setup cannot pro-
duce reliable interaction geometries because the shock 
wave is always non=uniform and attenuates too rapidly .. A 
different technique is clearly needed" 
5 
In the present work~ the development of a technique 
whereby a rifle-launched model interacts with a cylindri= 
cal shock wave from a shock-tube was undertakeno The 
strength of the blast wave was always known and was re= 
peatable at a given location" The interaction angle could 
be any angle from head-on to side=on depending on the dis-
tance from the opening in the shock tube at which the 
interaction was made to take placeo The timing problem of 
obtaining coincidence of the model 9 shock 9 and schlieren 
spark-light at a pre-selected location had to be solved 
firsto Schlieren pictures of adequate quality for the 
detection of shock waves~ expansion regions 9 and contact 
surfaces had to be obtained. Methods of providing suffi= 
cient variation in missile Mach number and shock strength 
were neededo Then a sufficient number of interaction 
photographs had to be obtained so that a whole sequence of 
events could be studiedo Only oblique interactions were 
studied since these were regarded as an essential step 
along with the study of head=on and side=on interactions 
and~ further~ are most likely to occuro Head-on interac-
tions had already been studied and verified in detail by 
several authors (2) 9 (7)9 (8)0 
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Schematic of Free-Flight Interaction 
Test Setup Used in Reference (2) 
6 
before and after interaction 9 was made to show how over= 
pressures may be estimated from photographed shock 
geometrieso 
In summary~ the objectives of the work were to~ 
(a) Develop a technique .for studying oblique 
shock=on-shock interactionso 
(b) Using this technique~ obtain a sufficient 
number of schlieren photographs of the 
interaction to prove its usefulnesso 
(c) Indicate a method based on the schl.ieren 
photographs for estimating transient 
pressures on the body during an interactiono 
CHAPTER II 
LITERATURE REVIEW 
A survey of available literature on the subject of 
shock diffraction in general was made by Tyler and Walker 
(9) and a detailed review of most of the papers surveyed 
was made by Tyler and Zumwalt (6) in 19650 Only litera= 
ture published on the subject of moving shocks interacting 
with supersonic bodies will be reviewed hereo 
Smyrl (1) obtained a solution for the pressure field 
behind an arbitrary plane shock after the shock encounter= 
ed a thin airfoil moving at supersonic speedo 
considered the case of a thin infinite wedgeo 
First he 
The shock 
pattern at the interaction was assumed to provide the 
smallest and simplest disturbed region consistent with the 
physical facts and for which a solution could be foundo 
Three apparently distinct shock patterns 9 as shown in 
Figure 1 9 were arrived at depending on the wedge Mach 
number and shock strengtho Numerical examples were given 
for various shock strengths 9 wedge speeds and angles of 
yawo The solution was also extended to cover the case of 
a thin infinite airfoil of arbitrary shape" 
Miles in 1963 (10) applied Whitham 0 s method of dif-
fraction of blasts by stationary bodies to the problem of 
8 
a blast diffracted by a thin supersonic wedge (1l)o The 
results tended to the exact results for weak blasts but 
were unsatisfactory for strong blasts. 
Wolff (12) used coordinate transformations to make 
shock waves steady for the case of a flying ccnical body 
meeting a blast wave head=Ono Real gas effects were in-
cludedo The pressure distrihution on the body as a func-
tion of time was also estimated. 
Inger (13) developed an analysis that applies to the 
case of a hypersonic wedge encountering a relatively weak 
blast wave (Mach number ~ 1 o 10) o The blast could thus be 
treated as a small perturbation over the bow shock and the 
resulting linearized mathematical boundary value problem 
.. solved analytically with the pressure field appearing in 
• 
explicit form. Real gas effects were included in the 
theoryo The numerical results indicate that substantial 
transient pressure overshoots can occur relative to the 
final steady=state pressure behi.nd the blast o He also 
found that real-gas effects tend to enhance slightly the 
pressure overshoot levels at high flight Mach numberso 
The shock-on-shock interaction problem has recently 
been attacked by digital computer techniqueso Lax (14) 
proposed a practical difference scheme for shock propaga~ 
tion problems. He assumed that a shock can be handled as 
a steep gradient and also used a special difference scheme 
for the time derivativeo Rusanov (15) in 1960 presented a 
10 
difference method that used a 0 dissipative 0 term to obtain 
solutions for shock diffraction caused by a number of 
geometrieso Rusanov 0 s scheme was used with success by 
Jackomis (16) who numerically solved the flow field around 
a stationary finite cone as a blast wave passed over it 
axiallyo Eaton (17) also used Rusanov 0 s scheme for 
solving the flow field of a supersonic cone=cylinder 
entering and leaving a blast diametricallyo 
Pierce (3) made one of the first attempts to simulate 
blast wave interaction in the wind-tunnelo He mounted a 
shock tube perpendicular to the tunnel flow to produce 
side-on interactiono Local shock velocities and interac-
tion angles were measured from the shadowgraphs. Then~ 
assuming locally two-dimensional flow 9 oblique shock rela= 
tions were applied to find the pressure rise across the 
incident and reflected waveso B~ comparison with measured 
values 9 it was shown that good estimates of the over= 
pressure could be obtained in this wa:yo The measurements 
were made at free-stream Mach number of lo87 and a blast 
wave Mach number of 2o38o 
Merritt and Aronson (4) used Pierce 0 s technique at a 
free-stream Mach number of 5 9 and obtained side=on inter= 
action with a body of revolutiono Because of the distor-
tion of the shock by the free=stream and since no 
theoretical solutions were available for comparison with 
results for side-on interaction with bodies of revolution~ 
they decided to study the head-on interaction firsto For 
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the head-on case, theoretical estimates of the overpres-
sure at the stagnation point of a hemisphere and on the 
surface of a wedge were obtained using normal and oblique 
shock relationso The shock wave from the shock tube 
passed over the model immersed in the steady supersonic 
stream at the nozzle exito Overpressures were measured 
by pressure transducers embedded in the models at appropri-
ate locations o Excellent agreement is shown between the 
measured and predicted overpressures at the stagnation 
points of these bodieso 
Bingham and Davidson (5) used a double diaphragm 
shock tube mounted at 30, 60, 90 9 and 120 degrees to the 
centerline of a hypersonic free-jet tunnel operating at 
Mach 7o30o The shock tube was capable of generating shock 
velocities from 3600 to 13 9 500 fpso The method produced 
pressure measurements and schlieren photographs of the 
interactiono The results~ however 9 could not be put to 
much practical use due to the distorting effects of the 
tunnel free-jet boundary and the wind-tunnel flow on the 
shock wave from the shock tubeo 
A numerical study of shock waves emerging into a 
supersonic crossflow by Tyler and Zumwalt (6) showed that 
wind-tunnel techniques using shock tubes mounted at angles 
to' the test section would simulate a blast wave approach= 
ing a supersonic missile only under limited conditionso 
The stagnation pressure behind the shock wave has to be 
greater than the stagnation pressure of the supersonic 
l '.) ,_ 
crossflow o Even then., only a por·tion of the emerging 
shock wave would approximately represent the conditions 
expected from a blast waveo The emerging shock wave 
attenuates rapidly and is distorted considerably for all 
conditionso 
In June 1965., Brown and Mullaney (2) described a new 
technique developed by them at the Boeing scientific re-
search laboratory o A smooth-bore powder gun was- .installed 
in the dump chamber of a conventional shock tubeo The gun 
fired 00300 caliber cone-cylinder projectiles at about 
4000 fps toward the drivero The velocity of the projec-
tile was measured near the muzzle and a computer was used 
to provide a proportional delay before the shock wave was 
started by a capacitor discharge systemo The projectile 
and the shock wave met in a 3 inch diameter window where a 
two frame shadowgraph system was used to obtain photo-
graphs of the interactiono The computed delay was found 
to be necessary in order to account for the ±5% variation 
in the projectile velocity o Figure .3 shows a schematic 
of the test setupo 
In a later paper., Brown and Mullaney (7) compared the 
shadowgraphs obtained by the above method with the shock 
geometry models proposed by Smyrlo A modification of 
Smyrl 0 s model was found to be necessary for finite bodies 
and was suggested by themo 
The same experimental technique was used by Merritt 
and Aronson (8) at the Naval Ordnance Laboratory at 
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approximately the same timeo Head-on interaction between 
a slender cone and a plane shock wave was studied by means 
of a sequence of photographs taken through windows in the 
shock-tube·wallo The magnitude of the transient pressures 
on the surface of the body was then obtained from calcula= 
tionso Both model and shock wave Mach numbers were varied 
from 2 to 5o Their observations show that Mach reflection 
on the cone surface is obtained for all the above test 
conditionso The velocity of the Mach stem relative to the 
cone was found to be such that the stem always remained in. 
line with the main shock fronto Calculations show that 
for low Mach numbers the pressure behind the Mach stem is 
less than the new steady-state cone pressure in the flow 
behind the shock waveo Overpressures were not found until 
the model Mach number exceeded4. The schlieren photo-
graphs of the interaction were extremely clear and accu= 
rate since the blast wave was perfectly planeo 
This survey of experimental and theoretical work 
published to date pointed out the need for further studies~ 
especially for the side-on and oblique blast interaction 
caseso The technique of using gun=launched models pro-
ducing interactions in free flight appeared attractive 
and had been proved feasibleo Once the shock geometries 
are known, the overpressure calculations are not difficul·t" 
This approach was, therefore 9 chosen for the present studyo 
CHAPTER III 
EXPERIMENTAL TECHNIQUE 
The technique uses a rifle=launched projectile and a 
cylindrical shock wave so timed as to interact within a 
five inch diameter area at a predictable time instanto 
The free-flying model (projectile) has the advantage of an 
unsupported model so that studies can be extended into the 
base and wake flow regions and is capable of producing 
aerodynamically clean supersonic flow over the body suit-
able for detailed optical observationso The shock wave is 
produced by a rather unconventional shock tube. Both the 
model velocity and the shock speed can be varied over a 
wide range simply by using varying amounts of powder load 
and different gases and pressure ratios across the shock 
tube diaphragmo 
Figure 4 shows a schematic of the experimental setupo 
The rifle 9 the shock=tube and the schlieren visualization 
system are situated on mutually perpendicular axes inter= 
secting in the receiver of the shock tubeo The rifle 
launches the model which travels vertically downwards 
through the receiver and is stopped finally by a sand butto 
A multiple spark schlieren system was used for recording 
the interaction 9 the shutter of the camera using 4 x 5 
14 
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inch cut film was left open during the experiment which 
was performed in total darkn~ssa 
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The rifle was fired firsto The model~ upon exiting 
the muzzle of the rifle 9 broke a thin conducting strip 
(hereafter called the model sensor) stretched in its patha 
This event was translated into a fixed-voltage positive 
pulse by the input pulser and delayed by a preset interval 
in the delay unite A thyratron °switch 0 triggered the 
discharge of a 200 joule capacitor into the center of the 
diaphragm upon signal from the delayed pulsea The delay 
interval 9 of course'j depended upon the difference between 
the shock and the model velocitieso A further delay~ rep= 
resenting the time taken by the shock wave to reach the 
interaction point 9 was now applied to the initial pulsea 
The output pulse triggered the spark light source so that 
if the model velocity were right'j the shock interacted 
with the model at the same instant and the interaction was 
recordeda Thus'j the success of the experiment depended on 
achieving repeatable and completely controllable shock and 
model velocities as well as repeatable intervals of time 
between the shock 9 model and spark initiationsa Due to 
difficulties mentioned later 9 only one spark source was 
used for most of the experimentso The following para= 
graphs explain how this repeatability was achieved to a 
sufficient degree as to make the method feasibleo 
The sequence of firing the shock=tube after the model 
was launched had to be adopted for the following reasona 
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For a given model weight and powder load 9 the model veloc-
ity was repeatable within two percento The time from the 
rifle firing signal until the model reaches a predeter-
mined point in the shock tube receiver varies by ten per= 
cent (8). The time taken by the shock wave to reach a 
predetermined point in the shock tube after the diaphragm 
trigger signal is repeatable to better than one percent. 
Starting the shock after the model has completed its 
travel through the barrel thus avoids the large variable 
factor introduced by the action of the rifle. 
In a similar technique used by Brown and Mullaney (2) 
for the study of head-on interaction between a free-flying 
model and a shock wave 9 the velocity of the projectile was 
measured near the muzzle by two light beams (L1 and ~ in 
Figure 3) and a computer was used to provide a proportion-
al delay before the shock wave was started. However 9 in 
their setup the observation window was located twelve feet 
from the diaphragm and the model had to travel twenty-six 
feet between the light beam sensors and the point of in·~· 
teraction at the window. It was essential that the inter-
action took place behind the 3 inch diameter window. In 
the present setup, the shock wave travels only three feet 
and the model travels six feet after starting the sequence. 
This was made possible by the unusually short shock tube 
assembly mentioned earlier. The total randomness in the 
times involved between the initiating pulse and the actual 
interaction was thus considerably less than in the setup 
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of Figure 3 and the probability of obtaining the desired 
interaction at the right time and location was thus 
greatero The added problem and cost of providing a com-
puted delay and the apparently successful operation of the 
system without such a delay finally precluded its inclu-
sion in this setupo As an example~ the time lag between 
the initiating pulse and the interaction was of the order 
of 3000 microsecondso A two percent variation in the 2000 
fps projectile velocity meant a time error of 60 microsec= 
onds or a location error of lo40 incheso Since the spark 
provides a beam of light five inches in diameter 9 the ·two 
percent variation in model velocity is theoretically ac-
ceptableo The one percent variation in shock timing gives 
an even smaller location error since the shock had to 
travel only three feet before interactiono In practice 9 
five out of every ten successful runs yielded pictures of 
the interactiono Out of these five 9 at least one would 
show the desired amount of interaction. 
Model Launching Technique 
A Winchester Model 90" 00375 Hand H Magnum rifle was 
supported by a specially designed recoil mechanism and 
used for launching the models. Since a sub=microsecond 
spark was used to record the interaction~ the spin impart= 
ed to the model had no influence on the quality of the 
photographso Even when the model was badly out of balance 
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able to stop all motion effectively as seen in Figure 7(c) 
in which no blurring of details can be discernedo Natu= 
rally 9 the spinning of the smooth model also has no effect 
on the shock geometry around ito 
The 00375 Magnum is the largest commonly-used rifle 
caliber on the American continent and was chosen to per-
mit as large a model size as possible in order to obtain 
clear photographs of the interactiono The model simply 
replaced the bullet in the cartridge and 9 hence 9 all the 
advantages of reloading empty cartridge cases by hand were 
realizedo Velocities of the order of 3000 fps can be im~ 
parted to a model weighing as much as 200 grains without 
any danger to the rifleo The recoil forces however~ was 
considerable and the rifle had to be mounted in such a way 
as to allow it to recoil about three incheso The force 9 
estimated at 44 fto lbo (18)9 was absorbed completely by 
four compression springs each rated at ;iO 11::> ~/ino ,. The 
sliding friction of the cross-members holding the rifle 
was sufficient to damp out excessive vibrations after the 
recoilo Figure 5 shows how the rifle was actually mountedo 
The cross-members slide freely on two one=half inch diame= 
ter drill rodso The rods were attached to a trapezoidal 
frame in such a way that the upper ends of the rods could 
be swivelled around a one inch diameter pin while the 
other ends could be clamped so that the rifle could be 
made to point downwards and about five degrees on either 
side of the verticalo The rifle was fixed in its place 
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after sighting through the bore to the interaction point 
in the receivero Small changes in the direction of travel 
of the model could be made at this timeo The frame was 
made out of ll' 0 equal angle sections and was mounted on 
two 3" angle beams running across the roof trusseso 
A solenoid pulled the trigger of the rifle with a 
steel 0 finger 0 upon actuation by a push button switcho 
The solenoid was fixed to the rifle stock by means of two 
3 vo long bolts. 
Table I (po 65) shows the different model velocities 
used in the study. The most extensive interaction studies 
were made with a 21500 grain model at 2120 fpso For this, 
the cartridge cases were loaded with 55 grains of DuPont 
Noo 4320 smokeless rifle powdero Figure 6 shows the rela= 
tion between the muzzle velocity and amount of powder usedo 
Actual measurements of velocity were performed on a 270 
grain model (a 0375 caliber round-nose bullet) using dif= 
ferent amounts of 4320 rifle powdero. 
The corresponding velocity for a model of any other weight 
can be estimated by assuming that the kinetic energy of 
the model as it leaves the muzzle depends only on the 
amount of powder used to impart this velocityo If V1 is 
the known velocity, the unknown velocity V2 can be calcu-
lated as followsi 
215.0 
RIFLE: 0.375 HSH MAGNUM 
POWDER: DUPONT 4320 
50 55 60 65 70 
POWDER WEIGHT, GRAINS 
MODEL 
75 





The relation between powder weight and model velocity 
is more difficult to predict. The rate of increase of 
velocity depends on the burning rate of the powder~ barrel 
length o.f the rifle and the size of the case" Powder 
amounts of less than 40 grains show incomplete burning in 
the barrel length 9 hence the need for actual measurement. 
The measured values agreed quite well with those in Refer-
ence (18)o 
Model Fabrication 
The model was made by machining the ogival forebody 
of a 0.375 caliber 270 grain round-nose bullet into a 
l9a5'°) semi-angle cone. Typical model dimensions and gen= 
eral appearance can be seen in li'igure 7. The standard of 
finish of the conical forebody had great influence on the 
aerodynamic cleanliness of the flow around the body 9 espe-
cially at higher model velocities. Uniform finish also 
naturally tends to give less variation in weights between 
models. The lead used in the manufacture of these bullets 
was able to attain a high degree of polish right on the 
lathe itselfo The average variation in the weights of the 
models used was kept within Oo2 percent by using carefully 
repeatable machining techniqueso Any finished models di.f-
fering from the average weight by more than this margin 
were either rejected or used for trial runs onlyo The 
average weight of these models was 21.5 o O grains o 












(a) Dimensions (b) Appearance 
Figure 7. The Model 
~ 
(c) Schlieren Photograph at 3000 fps (d) Schlieren Photograph at 2710 fps 




withstand the impact of the sensor strip without too much 
distortion except at the highest velocitieso Figure 7(c) 
shows one of the models traveling at 3000 fpso There was 
no distortion at slightly lower velocities (2800 fps) as 
evidenced in Figure 7(d)o 
Model Sensor Strip 
The arrival of the model at a given location can be 
sensed either by a mechanical or a photosensitive device. 
Photoelectric sensors are more convenient and do not cause 
any interference with the motion of the body itself. 
Mechanical methods 9 however~ are to be preferred due to 
lower cost and trouble-free operationo The method which 
was used here can best be described as 00 breaking a 
circuit. 00 A one-eighth inch wide strip of aluminum foil 
was glued onto a piece of light cardboard and placed in 
the path of the model. The two ends of the strip were 
connected to a pulser unit that generated a controlled 
pulse of fixed width and strength whenever the conductor 
was broken. 
The placement of this strip was not critical 9 but 
care had to be taken not to place it too close to the 
muzzle. The gases that follow the model out of the barrel 
expand very rapidly and overtake the model in a very short 
distance. The force of these expanding hot gases is suf-
ficient to rupture the thin strip prematurely even when 
supported on a thin card. When it was found necessary to 
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place the sensor strip closer than about ten inches from 
the muzzle, the card was supported on an aluminum disc 
with a one inch diameter hole in the center to permit the 
model to pass through. The clamps connecting the conduct= 
ing strip to the pulser should be firmly attached and make 
a good electrical contacto 
Sand But·t 
After interaction with the blast wave~ the model was 
stopped by means of a sand butto A 28 inch long, 4 inch 
diameter steel pipe placed at the lower end of the re-
ceiver was packed tightly with fine sand to a depth of 20 
incheso The surface of the sand was covered to a depth of 
three inches by a plastic compound to prevent the sand 
·from flying back into the receiver upon impact from the 
modelo Used models that tended to collect at the same 
spot in the sand butt were periodically removed. 
Shock Tube 
The shock tube which was used in this work was 
adapted from one assembled by G. Lazalier as a Master O .s 
degree thesis project (19). Its chief features are summa= 
rized below. 
Design 
The main consideration for the design of this shock 
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conservation of laboratory space and to be able to obtain 
clean shocks in the receiver section before the rarefac-
tion wave caught up with the shock waveo Windows suitable 
for schlieren observation of the shock wave were to be 
provided in the receivero To obtain high shock Mach num= 
bers using relatively small pressure ratios across the 
diaphragm, a double diaphragm configuration was selected 9 
using helium in the driver and intermediate sections and 
rarefied air in the shock channelo A maximum workable 
pressure ratio P4 /P1 of 200~1 was chosen as the upper 
limit of operation for the shock tubeo The driver section 
was designed for a working pressure of 400 psiao Pressure 
burst type diaphragms were to be used and~ hence 9 no con-
sideration was given to diaphragm bursting techniqueso 
In the present configuration 9 an electrical system of 
bursting diaphragms by means of precisely timed pulses had 
to be incorporated. A single diaphragm was found adequate 
for the desired range of shock wave Mach numbers. Freon 
was used in the driven channel to increase the model Mach 
numbers and aid flow visualization at low pressures due to 
its greater density. For example 9 freon=ll4 is 5o78 times 
denser than air at atmospheric pressure and temperature 
while the acoustic velocity in pure freon-114 is only 416 
fps at 86° F. Hence 9 a model traveling through freon-114 
would have a Mach number 2.74 times that in air. 
Description of the Shock-Tube 
Figure 8 shows the side view and planform of the 
shock-tubeo The driver and the shock channel are made 
out of 3uu IoD. hydraulic tubing having a nominal wall 
thickness of 3/8 inch" The driver section is almost 12 
inches long including the flange at the diaphragm endo 
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The shock channel is 3 feet long and has a similar flanged 
end for connection to the driver. The channel is kept in 
alignment with the driver tube by a four inch long 51'4 
inch IoDo cylindrical sleeve that fits onto short bosses 
projecting from the faces of the flangeso Figure 9 shows 
the diaphragm holder assembly and the method of joining 
the driver and the channel sections together. The dia-
phragm is held in place between two 00 Quick-serts 00 * on the 
driver side of the assembly. A second diaphragm can be 
inserted between the two other 11 Quick-serts 09 if double 
diaphragm operation is desired. Four 3/4 inch diameter 
bolts hold the two flanges together with the diaphragm 
holder sandwiched between themo The 00 Quick-sertuu holding 
the diaphr~gm from the driven side has been modified 
slightly by reducing its thickness by 3/4 inch and re-
placing the removed material with a 3/4 inch thick plexi-
glass ringo Two small windows were cut out in the sleeve 
so that the spacing of the spark gap could be viewed 
*Made by Black, Sivalls and Bryson~ Inco~ Kansas Citys 
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through the plexiglass ring after the shock tube had been 
pressurized. Other details of the spark gap and the dia-
phragm bursting technique are given later in the chaptero 
The B. S. and B. 11 Quick-serts 10 were chosen because they 
were recommended for use with the pressure burst type 
scored monel diaphragms originally intended to be usedo 
However, they were found to grip any diaphragm material 
very effectively due to their tapered gripping surfaces 
and, hence 9 were retained for use in the present configu-
ration also. 
After traveling through the channel 9 the shock·wave 
emerged into the receiver section through a Borda orificeo 
Figure 10 shows details of the orifice. The opening is 
J,;_ l.. 2~ X 2 inches in sizeo The face plate prevents the 
emerging shock from spreading upstream of the orifice 
location in the receiver. The orifice helps make the 
shock wave cylindrical as it emerged into the receiver and 
allows only the straight middle section of the shock wave 
in the tube to enter the receivero Both of these proper-
ties help to create the sharp~ well-defined shock wave 
seen in the schlieren photographs. An effort to make the 
shock wave truly cylindrical by placing glass walls in the 
receiver to prevent the shock from spreading sideways was 
unsuccessful. 
The receiver 9 resembling a conventional shock tube 
11 dump tank 1,10 was made of a commercially available ten 
inch cast steel tee section. The strength of the tee was 
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much in excess of that required by the shock tube 
assemblyo The main advantage of using such a heavy sec-
tion was that it provided a large mass to counteract the 
recoil when the diaphragm rupturedo Ten inch diameter 
plate glass windows of one-half inch thick first quality 
glass were provided at each end of the crossbar of the 
teeo The shock tube channel enters the receiver through a 
blind flange sealed by a sliding 0-ring arrangemento All 
the other joints also were sealed for vacuum by means of 
0-ringso Openings were provided at the top and bottom 
sides of the receiver for model entry and exito The top 
opening had a 4 inch diameter flange welded to ito A thin 
metal diaphragm was clamped between the face of this 
flange and a steel ring to provide isolation between the 
gas in the receiver and the atmosphere outsideo The 
projectile was able to pierce the thin diaphragm (two 
layers of OoOOlvu thick aluminum foil) without any problemo 
This method worked well and proved to be much simpler than 
making special enclosures to maintain vacuum around the 
rifle and along the path of the projectile when low re-
ceiver pressures were used. The sand butt tube was con-
nected to the lower opening in the receivero 
The entire shock tube assembly was mounted on a 
strong bench made out of 2! 11 diameter steel pipes so that 
the centerline of the shock tube was raised five feet 
above floor levelo The pressure indicating gauges and a 
relief valve were fixed on a panel mounted on the driver 
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end of the stando Helium driver pressure was obtained by 
using 2200 psi bottles of heliumo Freon-114 gas was sup-
plied from a bottle at 13 psigo The connection between 
the freon bottle and the receiver was made by a flexible 
polyethylene tubing while the helium was supplied to the 
driver through a high-pressure conduito A Welch Duo-Seal 
vacuum pump was used for evacuating the receiver and the 
vacuum was measured by a mercury U-tube manometero 
Two Kistler type 701 quartz pressure transducers were 
located 31'8° 0 apart in the shock tube wall for measurement 
of shock velocitieso 
Diaphragm Material 
The shock tube was operated in the single diaphragm 
configurationo At first it was proposed to use Bo So and 
B. prescored monel safety discs rated at 250 psig as the 
diaphragm material and a plunger mechanism to rupture 
these diaphragms at the appropriate timeo The diaphragms 
were guaranteed by the manufacturer to burst at pressures 
within ~5 psia of the rated pressureo While these dia-
phragms would be ideally suited for pressure-burst-type 
operation., the expense of quality control to assure burst-
ing within the specified narrow range could hardly be 
justified when they were to be ruptured mechanically or 
electrically at a fixed pressure below the rated sponta= 
neous bursting pressure. 
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was tried at first is shown in Figure 11. It was affixed 
to the closed end of the driver, the plunger went com-
pletely through the driver tube and its tip remained about 
one-half inch from the diaphragm centero This system 
could rupture the 250 pound rated diaphragms with a re-
peatability in timing of ±150 microsecondso This varia-
tion was found to be too great for obtaining photographs 
of the interaction within a reasonable number of tries. 
Another problem that was encountered was that the plunger 
took about 10 milliseconds to travel the one-half inch to 
the diaphragm after the initiating signal was applied to 
the solenoid. A smaller mass of plunger could reduce this 
delay somewhat but the delay in the trip mechanism or the 
frictional losses could not be reduced. The rifle would 
have to be mounted at least twenty feet above the shock 
tube in that case~ since it had to be fired first. It was 
finally decided to try bursting the diaphragms 
electrically. 
The scored safety discs had to be abandoned~ however~ 
due to their high cost and difficulties with maintenance 
of pressure in the driver at the exact value for suffi-
ciently long periods. Moreover~ it was observed that the 
driver pressure required for reliable bursting with the 
available energy capacitors differed with individual 
diaphragms even though they were manufactured under close 
tolerances. Finally, the use of Freon-114 as the driven 
gas removed the necessity of using high driver pressures 
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to obtain strong shocks for flow visualization. 
Bradley, et al.~ (20) have reported the use of thin 
aluminum foil to obtain high repeatability in opening time 
of diaphragms burst electrically" A 0.001 uv thickness gave 
a variation in opening time after application of the 
trigger signal of less than ±15 microseconds in al" diam-
eter shock tube. This thickness naturally supported very 
small pressures, but more than one thickness can be used. 
Trials conducted here indicated good results with as many 
as nine layers of 0.001" foil supporting a pressure dif-
ference of 100 psia. Of course~ the diaphragm opening 
time increased enormously. It required 350 microseconds 
for a three layered diaphragm to open while the corres-
ponding time for a single layer was 90 microseconds when 
a 200 joule capacitor was used. As measurements of ti.me 
lags on the oscilloscope were accurate only to within ±10 
microseconds<; no noticeable variation in opening time 
could be recorded. A further discussion on diaphragm 
opening time measurements is given later in this chapter. 
Three layers of 0.001 11 thick oven-tempered aluminum 
foil (Extra Heavy Reynolds Wrap) were used for most of the 
work. A pressure ratio of 20.05:1 was obtained across 
this diaphragm by using the driver gas at 18.0 psig (32.3 
psia*) and the driven gas at 26 in. Hg vacuum (1.57 psia*)o 
*Based on 14.3 psia atmospheric pressure at 
Stillwater, Oklahoma. 
Figure 12. Aluminum Foil Diaphragm Before 
and After Bursting 
Electrically 
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This ratio gives a theoretical shock wave Mach number of 
2o44 with air and 3.20 with Freon-114 as the driven gas~ 
and with helium at room temperature as the driver gas in 
both the cases. 
Figure 12 shows a typical three-layered diaphragm 
before and after bursting. The remarkably clean opening 
with four petals should be noted. 
Diaphragm Bursting Technique 
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The electrical technique relies on melting down the 
center of the diaphragm instantaneously by means of an 
electrical arc discharge. If the diaphragm is supporting 
a pressure close to its maximum capacity at this time 9 the 
weakening caused by the hole in the center is sufficient 
to cause complete breakdown. The diaphragm holder asse~-
bly shown in Figure 9 also shows the location of the main 
electrode. The scheme for causing a controlled electrical 
discharge at an appropriate time is shown in Figure 13. 
The main advantage of this system is that time intervals 
can be controlled electronically with great precision. 
The pulse from the delay unit fires the thyratron. Thus~ 
the 12 microfarad capacitor which was charged to 900 volts 
discharges through the thyratron and back through the ~ri-
mary of a step-up transformer. The 5 Henry choke between 
the power supply and the thyratron plate acts as a wall to 
the discharging current due to its large reactance to 
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transmitted through to recharge the triggering capacitor. 
The transformer steps up the pulse voltage to about 15 Kv. 
which is sufficient to break down the gap between the 
electrode and the diaphragm. However, this spark does not 
have sufficient energy to melt the diaphragm material and 
is used only to trigger the discharge of a larger capaci-
tor through the same gap. This is achieved in the follow-
ing manner. 
A hold-off gap B (Figure 13) is provided between the 
main gap and the positively charged terminal of a 25 
microfarad energy storage capacitor. The capacitor is 
charged to 4 Kv. and the gaps are adjusted so that the two 
gaps in series are sufficient to hold off this voltage. 
Now, when the thyratron conducts and triggers a spark be-
tween the electrode and the diaphragm (gap A) as explained 
previously, the gas molecules within this gap ionize and 
the resistance of the gap is momentarily lowered. Hence 
the total resistance of the two gaps in series lowers also 
and allows the energy stored in the large capacitor to 
discharge into the diaphragm center. Of course~ the hold-
off gap should not be so large as to prevent the discharge 
even at this time. 
All the energy stored in the capacitor (200 joules) 
does not go into melting the hole in the diaphragm. Part 
of it is dissipated as heat in the hold-off gap and in the 
sound and light emitted. In fact~ the flash of light was 
quite a problem as it blanked out the photographic record 
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of the interaction so that the viewing windows in the 
diaphragm holder had to be covered each timeo The hold-
off gap was made integral with the energy storage capaci= 
tor 9 as was the pulse transformer~ all of which was 
enclosed in a light-tight boxo The intense heat that 
melts the diaphragm also affects the electrode and~ hence 9 
the tip of the electrode had to be specially designedo 
The tip is made of graphite pencil lead and can be changed 
or resharpened easilyo It is inserted into a tight-
fitting hole in a 1 inch long 9 8-32 machine screw 9 so that 
the gap can be adjusted easily by turning the screwo A 
spacer made of one-half inch diameter plexiglass rod is 
screwed onto the machine screw as shown in Figure 9o The 
spacer holds the diaphragm at the correct distance from 
the graphite tip as the diaphragm might not always buldge 
to the same extent under similar pressure conditionso The 
spacer and the electrode have to be adjusted in position 
so that the diaphragm just touches the spacer under the 
required driver pressureo This can be viewed through the 
windows in the diaphragm holder. The best gap width for 
the setup used was O o 10 uv under 26 °0 Hg vacuum and O o 05 °0 
under atmospheric pressureo The electrode is held in 
position by a one-fourth inch diameter mild steel rod 
which also acts as the conductoro A sleeve of delrin 
slipped over the rod screws into the 00 Quick-sert 00 to hold 
the rod in placeo A screw terminal is provided at the 
other end of the rodo Another screw terminal on the 
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sleeve of the diaphragm holder provi des the grounding 
terminal. The diaphragm makes electrical contact with 
this terminal . 
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The hold-off gap construction was simple and is shown 
in Figure 14. AU-shaped plexiglass piece was screwed 
onto one of the terminals on the energy storage capacitor. 
The gap is formed betwe en the terminal and a screw which 
is connected to the main electrode terminal by a heavy but 
flexible copper wire. Thi s gap is about OolO inch wide. 
This gap as well as the main or triggering gap have to be 
adjusted from time-to- time as the heat of the sparks 
across them melt s the screws and deteriorates the graphite 
tip. A complete change of the graphite tip was found · o 
be necessary after about fifty discharges due to the 
graphite becoming too brittle and forming hairline cracks. 
The unusually large capacitance of the triggering 
capacitor was he lpful in improving the reliability of 
triggering t he mai n spark. A 0 .5 microfarad capacitor 
could be used in its place but the gap adjustment would 
become to o critical. There is also a lower limit on the 
size of the main gap since extreme ly small gaps would not 
produce sufficient ionization of the surrounding gas under 
the triggering spark to lower significantly t he resistance 
of the gap. On the other hand, if the gap is too large, 
then t he triggering spark occurs across the ho l d- off gap 
and the energy storage capacitor is discharged through t he 
secondary winding of the pulse transformer without ever 
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reaching the diaphragmo 
Another difficultyj not directly related to the tech= 
nique, that was encountered was that if the energy storage 
capacitor and the schlieren light source capacitors were 
both charged from the same power supply 9 the large voltage 
surge when the energy capacitor discharged also discharged 
the spark source capacitoro The power supply had to be 
left connected to the capacitors because otherwise the 
charge slowly reduced due to tiny leakage paths inside the 
capacitor o This diffi.cul ty was solved by using a double 
throw knife switch to charge the energy capacitor first to 
4 KV. and then to connect the spark source capacitor to 
the power supply while leaving the energy capacitor con= 
nected to the supply through a 5 megohm resistoro In this 
way~ the volta~e of the spark source was not restricted to 
the 4 KVo maximum on the other capacitor. The current 
passing through the 5 meg resistor was sufficient to re-
place any charge lost from the capacitor through leakage. 
The ground potential of the diaphragm bursting cir-
cuit was kept floating and not connected to the chassis 
for the delay units. This prevented spurious triggering 
of the spark source when the diaphragm burst. 
The Optical System 
The optical system was designed around 6 inch diame-
ter parabolic mirrors with a 36 inch focal length which 
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Schlieren visualizati.on technique was deemed necessary 
because the receiver pressure was so low as to make 
shadowgraphy too indistinct. The spark light source was 
designed such that identical units could be added in 
series if a multiple light source unit is desired at a 
later time. In fact 9 a dual light source was used for the 
calibration of the shock strength as the shock wave propa-
gated in the receiver of the shock tube. But for the 
actual interaction photographs 1 only a single spark source 
was used. 
The arrangement of the spark source and mirrors is 
shown in Figure 15. The steady light source was used only 
for alignment and adjustment of the sensitivity of the 
system. The steady light source is a mercury vapor lamp 
with its own power supply. The steady light was focussed 
on the spark gap and from then on the light followed the 
same path as the light from the spark source. The spark 
was refocussed on a vertical slit aperature to cut off 
extraneous light and to make the light more of the point 
source type since the spark is usually in the form of a 
thin line. The aperture is at the focus of the parabolic 
mirror so that the reflected light would be a 5 inch diam-
eter beam of parallel light. This beam of light was 
focussed on a vertical knife edge after passing through 
the test section. Finally, the light fell on a 5uu x 4° 0 
cut film piece. For spark photography~ the lights in the 
room were turned off and the unexposed film left open. 
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A typical spark source assembly is shown in Figure 160 
The main block of• .. the spark source was machined out of 
plexiglass painted black on the outsideo The lenses were 
mounted in specially machined aluminum holders with spring 
retainers sliding in aluminum tubes o Achromatic lens.es 
were used throughouto The spark source capacitor was made 
by inserting a 2 inch diameter 9 seven inch long~ cylinder 
of barium titanate into a 2 inch IoD. copper tube which 
formed the outer or ground electrodeo The other electrode 
was a 7/8° 0 diameter copper rod inserted through a hole on 
the axis of the barium titanate cylindero The electrode 
projects one inch out of the capacitor on the sparking 
side and a size 8-32 screw threaded through it forms the 
sparking electrode. The air gap was about 1/4 inch long 
when the capacitor was charged to 6000 Vo 
Higher voltages could be used (upto 10 KVo) permit= 
ting larger spark gaps and giving a brighter spark 9 but 
the intensity of the light obtained at 6 KV. was found to 
be adequate for schlieren pictures of good contrast on 
Kodak Tri-X film as well as on Polaroid ASA 3000 filmo 
The use of barium titanate as the dielectric material 
gives an effective light intensity nine hundred times 
greater than that obtained from a RG8U coaxial cable di-
mensioned for the same 10=7 second effective light dura-
tion during discharge (2l)o The gain in intensity is 
apparently due to both the higher capacity of the barium 
titanate cable and its very low characteristic impedance. 
The design of the barium titanate capacitor used here is 
similar to one used by Wilson and Heimenz (22) for a 
multiple spark light sourceo 
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The spark source assembly was affixed to a stand to 
make its height the same as the centerline of the shock 
tubeo The steady light source was mounted on this stand 
also 9 but can be slid on an optical bench so as to permit 
readjustment in case more than one spark source needs to 
be usedo The individual lens holders can also be adjusted 
since they slide inside the aluminum light guideso 
Optical Spark Circuitry and Delay Units 
The method of triggering the light source spark was 
similar to that used for triggering the diaphragm rupture 
but differed considerably in i'ts physical designo Whereas 
it was necessary to create an intensely hot spark for dia-
phragm rupturing 9 it now became necessary to have all the 
light energy from the discharge concentrated at one spoto 
The triggering gap and the hold=off gap were both combined 
into one gap o The circuit is shown in Figure 17 o Trig-
gering is achieved by means of a high=vol tage spark be--
tween the ground electrode of the capacitor and an 
electrode within the gap connected to the secondary of the 
pulse transformero The gap is too large to permit the 
discharging of the barium titanate capacitor charged to 
6 KVo except when the effective gap resistance is lowered 














Figure 17. Schematic Showing Operation of 
Spark Light Source 
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placement of the triggering electrode is very critical in 
this arrangemento It is generally about midway between 
the two electrodes 9 slightly favoring towards the ground 
electrode. Best results were obtained when the pulse 
transformer was mounted on the spark source assembly it-
self and the leads from the thyratron to the triggering 
capacitor were completely shielded. The high-voltage 
ground was also isolated from the chassis ground to pre-
vent spurious triggering. 
The barium titanate capacitor seems to have a very 
high leakage rate so that the high voltage power supply 
had to be left directly connected to the capacitor to 
maintain the voltage across its electrodes. When more 
than one spark source had to be used, a 200 Kilo-ohm 
wire-wound resistantance was connected between the high-
voltage electrodes of the capacitors and the capacitor 
nearest to the steady light source connected to the power 
supply. In this way, the intensity of the spark from the 
capacitor farther from the mirror increases 9 since the 
spark light has to travel through more lenses. This also 
prevents simultaneous triggering of all the spark sources 
when the delay between the two sparks is not very large. 
The delay unit and the thyratron were mounted on the 
same chassis. A schematic of a typical such unit is shown 
in Figure 18. At least two such units were needed~ one 
for the diaphragm rupturing signal and one for the spark 
source signal. The range of delay obtained depended on 
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the value of the capacitor 01 and 9 hence 9 could be easily 
changed when necessaryo Fine adjustment of the delay 
within the range set by the capacitor was obtained by 
adjusting the potentiometer RP. Typically~ the range of 
the first delay (the delay between the initiating signal 
from the model sensor to the diaphragm rupturing signal) 
was from 50 to 1500 microseconds while the range of the 
second delay (the delay between the diaphragm rupturing 
signal and the spark source triggering signal) was from 
1700 to 3000 microsecondso The delay unit actually is a 
monostable multivibrator employing a type 5963 dual-
triode tubeo The operation of. a monostable multivibrator 
is explained in Appendix Io It will be noted here that 
the circuit converts the 27 volt positive pulse applied 
at the input grid into a delayed 90 volt positive pulse 
which is applied to the grid of the thyratrono This posi~ 
tive pulse is sufficient to trigger conduction in the 
thyratron 9 thereby discharging the capacitor C+. through 
V 
the primary of the pulse transformero 
The units were assembled on 4° 0 x 6u 0 chassis 9 one unit 
per chassiso Each unit was shielded individuallyo 
Input Pulser 
The input pulser supplied a correctly shaped positive 
pulse of 27 volt amplitude to the delay unit upon excita-
tion by the model sensor stripe The circuit of Figure 19 
is a negatively biased thyratron whose conduction could be 
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triggered either by breaking a short between the input 
jacks or by pressing the start button or by a positive 
pulse at the input connectiono The first method was used 
for initiating the pulse sequence upon the model passing a 
given locationo The internal trigger was employed for 
calibration and testing of the delay unitso A third meth-
od of triggering could be employed when a pressure trans-
ducer was used to make the passage of the shock wave start 
the experimental sequence. The output pulse taken from 
the cathode of the thyratron was always of the same ampli-
tude and duration regardless of the input signalo 
For internal triggering the input selector switch was 
in the left hand position (Figure 19). This resulted in a 
negative bias of 30 volts on the grid of the thyratrono 
Depressing the start button essentially shorted out a 
normally negative potential of approximately 75 volts re-
sulting in a net positive pulse to the grid of the 
thyratrono 
For using the model passage of the sensor strip to 
trigger the thyratron~ the input selector switch was put 
in the right hand positiono The two ends of the sensor 
(po 26) strip were connected to the two input terminals of 
the pulser unit. When the model cut off the strip 9 it 
also broke the connection of the negative supply to the 
grid of the 884 tubeo Thus~ the grid was suddenly brought 
to ground potential through its connection with the 100 
kilo=ohm resistoro This was sufficient to start plate 
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conduction in the thyratrono 
As soon as the thyratron started conducting 9 the 0.1 
microfarad capacitor in the plate circuit was discharged 
through the tube and the output terminals received a net 
positive pulse of 27 volts peako Conduction stopped 
soon as the Ool microfarad capacitor had discharged since 
the 1 megohm resistor prevented immediate rechargingo 
The circuit was assembled on a 4 ui x 5 ii chassis and 
completely shieldedo The input and output conductors are 
also shielded to prevent unwanted triggeringo 
The chassis layouts for the delay units and the 
pulser unit were probably not optimum since they were de~ 
veloped and changed from time-to-time because of the prob-
lems encountered with spurious triggering~ pulse amplitude 
adjustments, thyratron triggering problems and the likeo 
The warm-up period required to prevent drifting was about 
two hourso This could be reduced considerably by using 
precision low-drift components instead of the standard 10 
percent tolerance components in this assemblyo A larger 
chassis might probably reduce temperature drift but could 
introduce shielding problemse 
Power Supplies 
Regulated doc. voltage was necessary for proper and 
reliable operation of the delay unitso The 200 volts and 
the ~150 volts bias were both supplied by an Electronics 
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supplied 800 volts doCo This unit is shown in schematic 
in Figure 20. A 10 kvo regulated power supply with vari-
able input voltage control supplied the 6 kvo to the spark 
source and also was used to charge the energy storage 
capacitor to 4 kvo 
The power supply for the steady light source was made 
by George W. Gates and Coo 9 Inco 9 Lo Io 9 No Yo The power 
supply complement as well as the delay units and the ener-
gy storage capacitor were all stacked on a 3 fto wide and 
1 ft. deep stand. Figure 21 shows the complete unit along 
with a dual beam oscilloscope used for calibration of 
delayso 
Measurement of Shock Velocity in the Shock Tube 
Accurate measurement of shock velocity in the shock 
tube is necessary for the following reasonsg 
1. Actual values of velocity and Mach number of 
the shock wave generally fall short of theo= 
retical predictions due to attenuation in 
the channel 9 energy absorbed in diaphragm 
opening, and the difficulty in accurate pre= 
diction of the thermodynamic constants for 
the mixture of gases present in the channelo 
2. Knowledge of exact shock velocity is necessary 
for setting the delays for spark photography 9 
etco 
In addition 9 it is necessary to know the exact time 
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CD @ 
1. Input Pulser 
2. 800 v. Power Supply 
3. Delay Unit 
4. 200 v. d.c. Regulated Power Supply 
5. 10 kv. Variable Power Supply 
6. Steady Light Source Power Supply 
Figure 21. Electronic Equipment Rack 
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taken by the diaphragm to open after the trigger signal is 
applied for setting the delay timeso 
Method 
Both the shock velocity and the diaphragm opening 
time were measured simultaneouslyo Two Kistler Type 502 
quartz pressure transducers mounted in the shock tube wall 
picked up the pressure pulse from the shock wave as it 
passed their locations. The transducers were placed three 
and three=eights of an inch apart and the upstream trans= 
ducer was 20075 inches from the diaphragm location (Figure 
8)0 The output from the transducers was recorded on a 
dual-beam oscilloscope after amplificationo The traces on 
the oscilloscope were triggered by the voltage induced by 
the triggering pulse to the diaphragm rupturing circuit. 
A typical trace of the pressure history at the two trans-
ducer locations is shown in Figure 220 The lower trace is 
reversed in polarity for clarity, and gives the pressure 
history at the upstream transducer location after the 
diaphragm trigger signalo The shock velocity is readily 
obtained from this by measuring the time lag between the 
arrival of the shock wave at the first and the second 
transducer, since the distance between the two transducers 
is known to be 0.2808 feeto From Figure 22; the shock 
0.2808 
also known 9 the diaphragm opening time can now be 
.----} Time 0.2 ms/cm 




estimatedo Within the measurement accuracies, it is safe 
to assume zero attenuation of the shock wave within the 
20075 inches it has traveled in the shock tube channelo 
Again~ from Figure 22 9 the diaphragm opening time is 
1 48 10=, 20 0 'Z2 = 0 X . - 12 X 2006 -
Incidentally 9 the vertical scale of the traces gives a 
good indication of the strength of the shock wave if the 
charge amplifiers are calibrated for the transducers. 
Table I gives the shock velocities and diaphragm 
opening times for some combinations of gases 9 diaphragm 
thicknesses and diaphragm pressure ratioso It is clear 
that diaphragm opening time is a strong function of the 
number of layers in the diaphragm. The time also depends 
on the receiver pressure, increasing as the pressure is 
reducedo 
Shock Velocity in the Receiver 
The shock wave~ upon entering the receiver through 
the Borda orifice~ expands in all directions and 9 conse= 
quently 9 attenuates rapidly. Therefore 9 the shock veloc= 
ity had to be measured at various locations in the 
receiver where the shock would be likely to interact with 
the model. 
Againj the method which was used for velocity meas= 
urement was direct. A double exposure of the shock wave 
TABLE I 
MEASURED SHOCK VELOCITIES AND DIAPHRAGM OPENING TIMES 
Gas Combination Driver Receiver Pressure Number of Theoo Shock Measured Diaphragm 
in shock tube Pressure Pressure Ratio layers of Veloo Shock Opening 
(P4,) psia (P1 ) psia (P4/F1) OoOOl 11 AL fps Veloo (fps) Time (Micro sec.) 
Helium/Air ~-403 14.3 3ol0 3 1550 1404 Ool70 
Helium/Air ?603 1403 5o33 6 1880 1870 Oo464 
Helilun/Air 10603 14.3 7o44 9 2090 2010 L170 
Helium/Air 32.3 26 10 vac. 20005 3 2785 2640 Ooll-40 
Helium/Freon-114 32o3 26 vi vac. 20.05 3 1340 1720 Oo28:C? 
Noteg Actual velocity for helium/F=lll+ combination is greater than theoretical due to contamination of 





was photographed using a dual schlieren light sourceo The 
time interval between the two light sparks was kept at 40 
microseconds and the distance traveled by the shock wave 
during this interval measured from the photographso The 
velocity was assumed to apply to the shock at the mid-
point between the two picture locations. A sample of the 
double-exposed photograph is shown in Figure 23. The re-
duced quality of definition of the photograph due to 
double exposure should be noted. 
A plot of shock velocity versus distance from the 
faceplate along the shock tube axis for helium/F-114 com-
bination at a pressure ratio P4 /P1 of 20005 is shown in 
Figure 24. The region where the model interacted with 
the shock wave was sufficiently close to the shock tube 
axis to permit the use of the axial shock velocities for 
all calculations. Moreover, the shock wave assumes the 
shape of a circular arc and becomes self-similar at about 
three inches from the face plate, so that the shock can be 
assumed to be propagating uniformly in all directionso 
Most of the interaction photographs were obtained when the 
shock was in this location. 
Measurement of Model Velocity 
An additional model sensor and input pulser unit were 
required for this measurement. The time required by the 
model to travel the distance between the two strips was 
measured on an oscilloscope or digital time interval 
Figure 23. Double Exposure of Shock Wave 

























He/FREON -114 . 
P4 /P1 = 20.05 
DISTANCE ALONG AXIS FROM FACE PLATE, INCH ES 
Figure 240 Shock Velocity in the Receiver 
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counter. The second strip was generally placed near the 
top of the receiver opening so that the average velocity 
between the muzzle and the receiver could be measured~ but 
the location was not critical. The curves in Figure 6 
were obtained in this manner. The model velocities in the 
tests 9 along with the amounts of DuPont 4320 rifle powder 
used are shown in Table II. 
TABLE II 
MODEL VELOCITIES 
Weight of Weight of Velocity Mach No. .Mach No. 
model powder fps in air in F-111+ 
(grains) (grains) (pure) 
270 40 
(round-nose) 
1440 lo2?0 3.46 
224.2 Ll-0 1610 1.414 3.85 
224.2 68 2710 2.390 6.51 
215.0 55 2120 1.s70 5. 
Calibration of the Delay Units 
The time delay applied to a given pulse by the cir-
cuit of Figure 18 was measured .from the time~voltage trace 
taken at the plate of V1 (pin 7 of the Z-8889 unit)o The 
~ Time 0.5 ms/cm 
Figure 25. Trace of Voltage at Multivibrator 





trace was obtained at any time by pressing the internal 
triggering button on the input pulser unito An oscillo-
scope with a reliable time scale and ultra-fast rise time 
made the trace shown in Figure 25 possible. Herei the 
trace was triggered by the input pulse to the first delay. 
The time from the start of the trace to the sudden voltage 
drop is the first delay 9 while the time from the sudden 
drop to the steep rise in voltage indicates the second 
delay. Although the delays can be calibrated within their 
entire range by this method 9 it was found best t9 check 
the settings before each experimental run. 
Estimation of Thermodynamic Properties of Mixtures 
of Freon=114 and Air 
At room temperature, the sonic velocity is about 111-1-4 
fps in air and 416 fps in Freon=l14. For a mixture of air 
and Freon-114, the sonic velocity would be between these 
values, and would depend on the specific heat ratio Y9 the 
gas constant Rand the temperature of the mixture. The 
specific heat ratio and the gas constant for the mixture 
in the receiver at the time of the experiment were esti= 
mated as followso The ratio of Freon-114 to air in the 
receiver and the shock channel was determined first from 
the method of filling the receiver with Freon. The re-
ceiver and the channel 9 which contained initially air at 
atmospheric pressure 9 were first evacuated to 2 psia. 
Gaseous Freon-114 was then introduced into the receiver 
'72 
until the pressure was again atmospheric" This process 
would result in a mixture containing 86% F-1140 If there 
were no leaks into the receiver 9 this concentration would 
essentially remain the same if the pressure of the mixture 
were lowered. However 9 the .leakage rate wo..s found to be 
such as could not be ignored without loss of accuracy, 
especially since the time required pump the mixture 
down to 26 inches Hg vacuum was llo25 :minutes. This leak-
age rate was actually measured and was found to be 000597 
cfm/ft' of receiver volume for 20 to 26 inches of vacuum. 
This amounts to an addition of 00673 ft' of air to every 
ft' of mixture, and hence the corrected volumetric per-
centages were 5lo4% F-114 and 4806% airo 
By using mole fractions rather than actual weights of 
the gases 9 the molecular weight M of the mixture at lo56 













Air 00486 28096 14008 
Molo wt" of mixture 101098 
The molecular weight of the mixture is obtained by 
adding the relative masses of Freon~ll4 and airo 
The value of the gas constant for the mixture can be 
found easily now from the equation: 
R 
0 
R = 11 where R is the universal gas constanto 0 
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Therefore, R for the mixture is 1545/101098 - l5ol5 
ft. lb/lb 0 R. 
The other thermodynamic constants are determined from 
the mass fractionso Mass fraction of F-114., nf~ is 
87o9/10lo98 = 008629 and the mass fraction of air in the 
mixture, na~ is l4o08/10lo98 = Ool38o Finally, the equa-
tions below can be used to obtain the values of cp, cv' 
and Yo Subscript f indicates the value of the constant 
for pure Freon-114 and the subscript a indicates the value 
for airo 
C = nf C + na C p Pf Pa 
C = nf Cv + n C V f a Va 
y = nf yf + na y a 
Relation Between Diaphragm Pressure Ratio P4 /Pi 
and the Shock Mach Number for 
Helium/Freon Combination 
The theoretical values for the shock Mach numbers and 
shock strengths obtained for different diaphragm pressure 
ratios using Freon-114 as the driven and helium as the 
driver gas are given by the following formulae from 
Ref ere nee ( 25) o 
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Ms := [ 131 ( 1 + 0'.1 ~)Ji P1 
where Eu, 
(CVT)1 y + 1 






Subscript 1 is used for the driven gas properties and sub-
script 4 is used for the driver gas propertieso P2 is the 
pressure behind the shock wave. 
These equations were solved for different values of 
the shock pressure ratios (P2 /P1 ) and plotted in Figures 
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Table III shows the different combinations of blast 
wave and model Mach numbers for which interaction photo-
graphs were obtainedo Helium was used as the driver gas 
in all the caseso 
Blast wave Model 








Interaction Driven gas and pressure 
Angle 
65@ Air at atmospheric 
pressure (l4o3 psia) 
65@ Air at 25 VO Hgo vacuum 
25@ Freon-114 at 26° 0 vacuum 
35@ 00 
80© 00 
The low Mach number interaction is shown in Figure 28. 
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Figure 28. Schlieren Photographs of Interaction 
in Air 
Model Mach No. 1.413 
Blast Wave Mach No. 1.24 
Interaction Angle 65° 
---J 
co 




Very little effect can be observed on either the blast 
wave or the bow shocko There is normal reflection of the 
blast wave on the side of the model on which the blast 
wave hits first (hereafter termed the high-pressure side 
of the model)o The angles of the post=blast bow wave are 
altered very slightlyo The bow wave curves slightly out-
wards where the reflected blast wave intersects ito The 
reflected wave is highly curved 9 with the concave side 
toward the modelo This is expected since the original 
wave is curved alsoo A similar interaction photograph for 
a round nosed model is shown in Figure 290 
The interaction at blast Mach number of 2.33 and 
model Mach number of 2o39 is shown in Figure 300 The 
interaction is almost head=on 9 the interaction angle being 
65©. On the whole 9 the photographs did not have suffi-
cient contrast·to show enough detail due to the low 
density of air in the receivero However 9 the effects men-
tioned for the low Mach number interaction case are seen 
to have been enhanced greatlyo There is a sharp change in 
the bow wave angle close to where the reflected oblique 
shock meets the bow shocko This point is not so close to 
the conical tip as in the previous caseo A contact sur-
face is seen -to have developed behind the blast wave in 
the vicinity of the model (Figure 30(a))o The main fea-
tures are sketched in Figure 31 for clarityo Some effect 
on the shock geometry is also seen on the low-pressure 




REFLECTED BLAST WAVE 
BOW WAVE 
Figure 31. Sketch Showing Shock Geometry of Interaction 
at 65@ 9 Model Mach No. 2039 9 Blast Mach 
Number 2.33 
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Figure 30. Schlieren Photographs of Interaction 
in Air 
Model Mach No. 2.39 
Blast Wave Mach No. 2.33 





·number combination due to the poor visualizationo 
A sequence of schlieren photographs showing the in-
teraction of a model at Mach 3o94 entering a blast region 
in Freon-114 atmosphere is shown in Figure 320 At the 
moment of interaction~ the blast wave was traveling at Mach 
3ol4 and making an angle of 35 degrees with the axis of 
the modelo The sequence was obtained from several sepa-
rate test runs and 9 therefore 9 does not represent the same 
blast wave and the same model in each photograph~ but the 
trend of events taking place at a typical oblique inter= 
action is Clearo 
The second frame in Figure 32 is shown enlarged in 
Figure 33(a) and the main features are sketched in Figure 
34. As expected 9 the shock geometries on the two sides of 
the model are very differento The bow shock after inter-
action on the high pressure side of the model has three 
distinct regions" Region I is a straight portion having 
a shock angle corresponding to that for the flow proper-
ties encountered by the model in the post-blast regiono 
Region II is a portion concave towards the body and corre= 
sponds very nearly to the circumference of the 00 shock-
circle11 in Reference (6). (The shock-circle defines the 
extent of the disturbance caused by the intersection of 
the body with the blast waveo The bow wave in region I is~ 
therefore, tangential to the shock-circleo) Region III is 
another straight portion joining a point on the shock 
circle to the intersection point of the original bow wave 
(a) 
(b) 
Figure 32 . Schlieren Photogr aphs of Interaction 
in F-114 
Model Mach No . 3 .94 
Blast Wave Mach No . 3 . 14 





Figure 32. (Continued) 






NEW BOW SHOCK 
(REGION I) 
\ RELATIVE FLOW 
\ DIRECTION 
Figure 340 Sketch Showing Shock Geometry of 
Interaction at 35 ""; Model Mach 




and the blast wave. This general pattern is also found in 
head-on interactions (7), (8)*o A secondary effect of the 
oblique interaction is seen at the cone=cylinder junctiono 
The cylindrical portion of the model 9 unlike the head=on 
case~ is still at an angle against the flow direction so 
that secondary compression wave is started at this junc-
tiono Since this shock wave is inside the main shock 
region, it tends to intersect the new bow shocko The re= 
' 
fleeted blast wave intersects this wave and then meets the 
~ 
bow wave at the intersection of regions II and IIIo Nor-
mal reflection was observed for all cases; Finally, a 
contact surface is observed to start at the intersection 
point of the blast wave with the bow shock. This contact 
surface generally is very close to the blast wave and is 
sometimes indistinguishableo 
The shock pattern on the low-pressure side is harder 
to evaluate. Computations show that the relative flow 
direction in the region behind the blast is as shown in 
Figure 340 The flow should, therefore 9 expand around the 
cone on this side~ although the expansion angle is only 
about four degrees in this caseo In some of the interac= 
tion photographs~ this region can be seen clearly and no 
bow shock is seen on the low pressure side of the cone 
(Figure 33(b))o But generally, the blunt tip of the model 
and the high-pressure relief from the other side produce a 
*See also Figure 2o 
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bow shock~ slightly detached from the tip and bulging out-
wardso Several slip lines are seen between the detached 
shock and the cone surface o The flow i.n this region has 
been accelerated so that the blast wave in this region is 
pushed forward slightly ahead of the blast wave outside 
the interacted regiono The bow shock finally curves in-
wards and meets the origi.ne.l bow wave 9 forming a region 
resembling a Mach reflection with the accelerated blast 
wave as the Mach stemo The pattern is self-similar until 
the blast wave clears the conical portiono 
Figure 35 shows the schematic of the next stage of 
the interaction. The model has completely passed through 
the blast waveo The secondary shock wave from the cone= 
cylinder junction on the high=pressure side has disappear= 
ed and the reflected blast wave portion has become 
attached to the junction of regions II and III and is 
traveling with ito Region II is now less curved since it 
has traveled further from the cone surface that originated 
the disturbance causing the curvature. The curved shock 
on the low-pressure side has become straighter. It meets 
the blast wave further out from where the original bow 
wave meets it 9 and the intermediate portion has turned 
more sharply" A contact surface has formed in the wake 
region as shown. The distortion of the blast wave by the 
wake is also clearly seen. 
Comparison with the shock geometries for head-on in-






Figure 350 Sketch Showing Geometry After 
Model has Passed Through 
90 
Figure 36. Schlieren Photographs of 
Interaction in F-114 
Model Mach No. 3.94 
Blast Wave Mach No. 3.14 
Interaction Angle 80° 
\..0 
I-' 
Figure 37. Schlieren Photographs of 
Interaction in F-114 
Model Mach No. 3 . 94 
Blast Wave Mach No. 3.14 




but the pattern o~ the other side is quite differento 
This difference must cause considerable pressure differ-
ences between the two sides of the model and a possible 
change in the direction of its travelo Figure 36 shows 
interaction between a model and blast wave at an angle of 
S:30® (90@ being head-on)o A sequence of interactions at 
approximately 25@ is shown in Figure 370 
Estimation of Pressure on the Conical Nose 
An estimate based on the shock angles measured from 
Figure 34 was made for the conical forebody~ the main 
steps of which are presented belowo A detailed derivation 
of the thermodynamic constants Rand Y which are needed 
for the calculations was presented in Chapter IIIo Data~ 
Mc = Model Mach number "" 3o94 
1\ = Blast Mach number "' 3ol4 
Blast of 35@ 
~~. 
model wave makes an angle witn the axiso 
Velocity Behind Blast Wave 
The blast wave velocity is read off from Figure 24 
which gives measured blast velocities at different loca= 
tions in the receivero This is found to be 1695 fpsa 
After superimposing on the entire flow an equal velocity 
in the opposite direction 9 the corresponding steady 
(locally) normal shock is obtained as in Figure 38a The 
velocity behind the shock wave Vy' i.s obtained from the 
Prandtl relation~ 
Vy Vx = 0 
v;=vy-Vs I v; = -V5 
Py Px p' = p 
p' = p y y 
X X etc. etc. 
etc. etc. Vs 
Vs =O 
~-·"" ' 
Figure 38o Coordinate Transformations 
f 
95 
V I V I ,. 12 ( y =:...=1, M 12 + y 
2 
:= a* ,.'Y+ 1 X ~) X y + .1., 
V ' :z402 c1° 1 = 1.,0 Jol42 2 1·.,o) - 1695 lol 1.,0 + 1°1 y + + 
Vy I "" 244 0 7 fps 
or VY= -V'Y + V8 = 145003 fps 
and from nor~al shock relation~ 
Combination of (1) and (2) gives a y 
I 
- a = 604.,0 fpso y 
Relative Velocity After Model Penetration 
(1) 
(2) 
The velocity relative to the model is next obtained 
graphically as in Figure 390 The measured velocity is 
3180 fps 9 resulting in the Mach number of the flow rela-
tive to the model of 5.,26, and is at an angle of 22© to 
the model axiso 
Pressure Rise Across Bow Wave 
The bow shock angle on the high=pressure side meas= 
ured from Figure 34 is 22@o Hence~ the bow shock is 
making an angle of 22@ + 22° = 44° with the flow directiono 
Assuming locally two-dimensional flow for the meridian 
plane, one can use relations for oblique shocks to obtain 
pressure ratio across this shock waveo This method gives 
the following relation~ 
' ' ' ' ' ' ' 
Vy 
1450.3 fps 






Figure 390 Vector Diagram for Obtaining 
Rel~tive Flow Direction 
After Interaction Behind 
the Blast Wave 
96 
Pr - pressure rise across the bow shock (receiver 
pressure being taken as 1 o 00) 
= lOo 27 o 
From (3) and (4)~ 
PW= 143050 





Prediction of the pressure on this side becomes dif= 
ficult because of the numerous slip lines and the curved 
bow shock present in this regiono However 9 it seems that 
the pressure on this side should not be much different 
from the pressure behind the blast wave as the relative 
flow direction almost coincides with the general bow shock 
angle. There would have been an expansion wave on this 
side if the model were a wedge 9 but the conical shape 
allows relief of pressure from the high pressure side and 
the bow shock to be formed~ as explained earliero 
Finally, the computed transient pressure of 14305 
times that of the local atmosphere on the high pressure 
side of the conical forebody points out the strength of 
the shock-on-shock interactiono The steady=state pressure 
on the same conical forebody before interaction was esti-
mated at 2086 times the free-stream pressure and the 
incident blast pressure ratio was 10.270 A simple product 
of the pressures would give 29028 9 so the wave reflected 
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from the body surface must account for a further multipli= 
cation factor of 4.88. The large pressure difference be-
tween the two sides of the borebody should. affect the 
trajectory of the projectile upon entering the blast 
region. The usefulness of the schlieren photographs in 
making such order-of-magnitude estimates is 9 thus 9 clearly 
seen. 
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
The experimental technique of using a rifle-launched 
model and a blast wave from a short shock tube for the 
study of oblique interaction between a supersonic cone-
cylinder body and a blast wave is found to be feasibleo 
The shape of the model is not restricted to a cone-
cylinder except that some portion of the model should be 
cylindrical to permit loading into standard rifle caseso 
Repeatability in timing was the biggest stumbling block to 
the success of this technique 9 and this has been achieved 
by using the signal from the launched model to trigger 
electrically the shock wave. The electronic delays which 
were used performed well but showed considerable depend-
ence on temperature and 9 hence 9 needed constant 
readjustment. 
The use of Freon-114 as the driven gas in the shock 
tube improved the visualization of shock phenomena at low 
pressures~ in addition to greatly increasing the model 
Mach number due to its high molecular weight and low 
specific heat ratioo To the author 0 s knowledge 9 this is 
the first published work involving a shock tube using this 
gas. The curve showing shock Mach number versus diaphragm 
99 
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pressure ratio for a helium/Freon=114 combination (Figure 
27) should prove useful for further worko 
The schlieren photog,raphs of the interaction of an 
oblique blast and a cone-cylinder body are the first to be 
obtained for a free-flight modelo The interaction pattern 
does not have any entirely unexpected geometry on the side 
first encountering the blast waveo Nevertheless 9 the 
shock angles are not theoretically predictable because of 
the finite=body effects involved when the entire flow pie= 
ture is consideredo The shock geometry on the lee side of 
the model is quite different and unpredictable from any 
theory presently known. The value of taking photographs 
is apparent o 
An estimate of the pressures on the conical forebody 9 
based on the measured shock angles 9 gives an idea of the 
enormous pressure rise caused by the passage of a nearly 
side-on blast waveo The transient pressure was found to 
be at least 50 times the steady=state pressure before in-
teraction for a model. traveling at l"Iach 3o 9,~ enc.m1-:nte:::c' 0 = 
ing a blast wave having a pressure rise of 10027 across 
ito Furthermore 9 there is pressure unbalance between the 
two sides of the body in the meridian plane so that the 
trajectory would be altered upon encounter with the blast 
waveo 
Recommendations for Future Work 
One of the limitations of this technique was that the 
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shock wave was always curved and somewhat non=uniform at 
the time of intersection wj_th the modeL If a larger di= 
ameter shock tube were used for the same model size 9 a 
larger opening could be provided and the shock wave 
curvature reducedo The present work could then be ex= 
tended easily to cover truly side-on interactionso 
A method of obtaining sequential photographs of each 
interaction should be developedo Records of successive 
changes in shock geometry for the same model and blast 
wave at different time instants would greatly enhance the 
value of the results 9 in addition to the saving in number 
of runs required for the record of a sequenceo A 
multiple-spark light source with multiple paths of light 
intersecting in the test section is described in Reference 
(23)o Events as close as 10 microseconds could be photo-
graphed by this method on different areas of the same film 
plateo The disadvantage of this method is that the dif= 
ferent angles at which the light beams travel through the 
interaction region would introduce distortiono An alter= 
native method that can be suggested is to use a rotating 
mirror camera along with a very high intensity steady 
light sourceo Recently~ laser techniques have been devel= 
oped for obtaining photographs of events as close as five 
microseconds apart (24)o 
Further results for the oblique interaction could be 
obtained for stronger blasts and faster modelso The medi= 
um in which the interaction takes place would have to be 
102 
air 9 however 9 because Freon-114 would be too dense under 
the circumstances to give sufficiently detailed photo-
graphs of the region between the shock and the bodyo Even 
at a Mach number of 3094 9 the l9o5 degree cone of the 
model gave a bow shock angle of only 25 degrees and de~ 
tails between the cone surface and the bow shock after 
interaction were rendered difficult serveo A word of 
caution about using models machined out of commercial 
bullets is also in order hereo Excessive powder loads are 
likely to cause distortion of the brass jacket resulting 
in a frozen jecket inside the rifle bore. The next shot 
would then result in the destruction of the weapono It is 
best to leave some portion of the brass jacket on the 
conical part of the model for this reasono Also~ it is 
essential to check the bore of the rifle for any obstruc-
tions after each experimento 
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APPENDIX I 
MONOSTABLE MULTIVIBRATOR 
The Engi.neered Electronics Z-8889 packaged I one-shot 0 
unit employs a type 5963 dual=triode tubeo It can be 
described as a cathode-coupled one-shot multivibratoro In 
the circuit shown in Figure 40 9 the two triode sections 
are designated as V1 and V2 o The plate of V1 is capaci= 
tively coupled to the grid of V2 o The coupling from V2 to 
V1 is through the common cathod resistor R09 whence the 
classification uo cathode-coupled ~·on 
The voltage Ecc on the grid of V1 is set by the 
potentiometer R to a value such that Vr. is cut offo Tube p 
V2 is clrunped ON since its grid resistor Rg2 is connected 
to the plate supply Ebbo When a positive pulse of suffi-
ciently large runplitude is applied to the grid of V19 V1 
starts conducting and the potential at point 7 is abruptly 
loweredo This is coupled immediately to the grid of V2 ~ 
where it decreases the plate current and causes the volt= 
age drop across the cathode resistor Re to decreaseo This 
decrease in cathode voltage increases the conduction in V1 
still further and regenerative switching occurs so that V2 
goes OFF and V1 goes ONo Capacitor C1 will now dischargeo 
When C1 has discharged so that the grid bias of V2 is less 
106 
107 
than cutoff 9 the plate current in V2 increases the cathode 
voltage 9 which increases the grid bias of V1 and decreases 
its plate current o This increases the plate voltage of V19 
which is coupled to the grid of V2 9 so that V1 is again 
OFF and V2 ON. This completes the cycle ON-OFF=ON for V2 
and OFF-ON-OFF for V19 which was instigated by the posi-
tive trigger pulse at the grid of V1 o This one-shot 
multivibrator action can also be triggered by a negative 
pulse at the plate of V1 o 
One useful feature of the above circuit· is that the 
period T between the start and completion of a cycle is a 
linear function of Ecc over a considerable rangeo It can 
be approximated by the following formula~ 
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Figure 40. Monostable Multivibrator 
APPENDIX II 
PROPERTIES OF FREON,~ 1 
The physical properties of Freon=ll4 are presented 
below to aid in calculations related to the use of this 
gas as a driven medium in a shock tubeo 
Molecular Weight 170093 
Boiling Point 38o4@ F at 1 atmo 
Freezing Point =137(; F 
Critical temperature 29403@ F 
Critical pressure 474 psi absolute 
Density of saturated vapor at boiling point Oo488 
lb/cft 
Specific Heat of vapor at constant pressure (1 atm) 
at 86" Fo 0.160 Btu/lb@F 
Specific Heat Ratio at 86@ F and 1 atm lo088 
Non-flammable and has faint ethereal odoro 
Figure 41 gives the ratio of specific heats for 
Freon-114 at different temperatures and pressureso It is 
clear that any calculations involving large temperature 
changes would need to take this variation into accounto 
Figures 42 and 43 show the corresponding variation of 
the specific heats at constant pressure and constant 
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